(Rac1, p67 phox , and p47 phox ), ROS and 3-nitrotyrosine, as well as reductions in podocyte protein markers; each of these parameters improved with nebivolol treatment along with increases in renal endothelial NO synthase expression. Conclusions: Our data suggest that nebivolol improves proteinuria through reductions in renal RAAS-mediated increases in NADPH oxidase/ROS and increases in bioavailable NO.
tant reductions in bioavailable NO [6] . Increased tissue levels of ROS can also diminish the bioactivity of NO by conversion of locally released NO to peroxynitrite (ONOO -), which itself contributes to tissue injury [2, 4, 7] .
Bioavailable tissue NO appears to be a critical regulator of both RAAS and sympathetic nervous system (SNS) control of blood pressure and renal function [6] [7] [8] . Importantly, NO appears to counter-regulate the effects of both the SNS and RAAS in the renal regulation of salt and fluid homeostasis as well as renal injury [6, 7] . Indeed, treatment strategies to increase bioavailable NO have been shown to protect against renal damage in several rodent models of RAAS and SNS-mediated renal sclerosis [9] [10] [11] [12] [13] . In this context, beta-blockers are known to suppress both the SNS and RAAS [14] [15] [16] [17] [18] [19] . Nebivolol is a third-generation ␤ 1 -adrenergic blocker with distinct pharmacologic and pharmacodynamic properties compared with other agents in its class [16] . It is highly selective for cardiac ␤ 1 -adrenoceptors and lacks intrinsic sympathomimetic activity [14] [15] [16] [17] [18] . Additionally, nebivolol therapy promotes endothelium-dependent vasodilation through the L -arginine/NO pathway in different regional vascular beds [14, 15] . Limited studies have shown that systemic treatment with this beta-blocker increases renal tissue levels of bioavailable NO and reduces renal fibrosis [8, 10, 12, 13] . However, there have been very limited studies exploring the impact of nebivolol treatment on the kidney in animal models displaying glomerular injury and proteinuria.
Accordingly, we hypothesized that nebivolol, acting via its effect on NO and its antioxidant properties would have glomerular-protective and antiproteinuric effects in a scenario of increased renal RAAS and associated glomerular damage and proteinuria. To explore this hypothesis, we utilized the transgenic Ren2 rat which displays heightened tissue RAS and elevated plasma levels of mineralocorticoids, hypertension, glomerular injury and proteinuria [20] [21] [22] . We utilized a dose of nebivolol, demonstrated in preliminary work in our laboratory, to have minimal blood pressure-lowering effects in this transgenic model of enhanced RAAS and proteinuria.
Methods

Animals and Treatments
All animal procedures were approved by the University of Missouri animal care and use committees and housed in accordance with NIH guidelines. Transgenic TG(mRen2)27 (Ren2) rats (6-9 weeks of age) and age-matched Sprague-Dawley (SD) littermates were randomly assigned to control (sham-operated; Ren2-C and SD-C, respectively; n = 6 each), or nebivolol-treated (Ren2-A and SD-A, respectively; n = 8 each) treatment paradigms. Ren2-N and SD-N animals were treated with nebivolol 10 mg/kg/ day released via an implanted osmotic mini-pump for 21 days.
Systolic Blood Pressure and Proteinuria
Restraint conditioning was initiated before blood pressure measurements were performed as previously described [3, 5] . Systolic blood pressure (SBP) was measured in triplicate on separate occasions throughout the day using the tail-cuff method (Student Oscillometric Recorder; Harvard Systems, Holliston, Mass., USA) prior to initiation of treatment and on days 19 or 20 prior to sacrifice at 21 days. Both creatinine and protein concentrations in urine were analyzed on an automated clinical chemistry analyzer (Olympus AU680, Olympus America Inc.; Centerville, Pa., USA) using commercial assays. Creatinine was determined using an automated Jaffe reaction assay and urine protein using an automated colorimetric assay. The chemistry instrument was calibrated and proper controls performed prior to analysis [20, 22] .
NADPH Oxidase NADPH Oxidase Activity. NADPH oxidase activity was determined in kidney cortical tissue as previously described [3, 5, 20] . Briefly, NADPH oxidase activity was determined by measuring the conversion of radical detector (Cayman Chemical, Ann Arbor, Mich., USA) using spectrophotometric (450 nm) techniques.
NADPH Oxidase Subunit Immunostaining . Harvested kidney tissue was prepared as previously described [22] . Sections were incubated with 1: 100 goat polyclonal p47 phox , p67 phox (Santa Cruz Biotechnology, Santa Cruz, Calif., USA), and 1: 200 Rac1 (primary antibodies; Upstate Cell, Cell Signalling, Millipore Corp.; Billeria, Mass., USA) in 10-fold diluted blocking agent overnight. After washing, the sections were incubated with 1: 300 Alexa fluor donkey anti-goat 647 (Invitrogen, Invitrogen Corp.; Carlsbad, Calif., USA) for p47 phox and p67
phox Alexa fluor and donkey antimouse 647 for Rac1 for 4 h. Then the slides were washed (3 ! 15 min) and sections mounted with Mowiol and stored in light-tight slide boxes at 4 ° C until assessment using abi-photon confocal microscope (Zeiss LSM, Thornwood, N.Y., USA). 1,024 ! 1,024 pixel images were captured with LSM imaging system under the same microscope and computer settings for all animals of four groups in each experiment. The signal intensities were measured and analyzed in the equal regions with MetaView as previously described [20] [21] [22] [23] [24] .
Oxidative Stress ROS Formation. This was measured by chemiluminescence as previously described [23] . Briefly, kidney tissue sections were homogenized in sucrose buffer using a glass/glass homogenizer, centrifuged, and supernatants (whole homogenate) were then removed and placed on ice. Whole homogenate (100 l) was added to 1.4 ml of 50 m M phosphate (KH 2 PO 4 ) buffer (150 m M sucrose, 1 m M EGTA, 5 M lucigenin, 100 M NADPH, pH 7.0) in darkadapt counting vials. After dark adaptation, samples were counted on a luminometer and all counts were averaged. Samples were then normalized to total protein in the whole homogenate, and ROS values expressed as counts per minute per milligram of protein.
Immunohistochemistry for eNOS and Podocyte-Specific Markers
Four-m-sections of kidney were incubated with 1: 50 mouse anti-eNOS III (BD Transduction Laboratories, San Jose, Calif., USA), 1: 75 mouse monoclonal anti-desmin (Santa Cruz), and 1: 75 rabbit polyclonal anti-podocin (Santa Cruz) overnight. The sections were incubated with appropriate secondary antibodies, mounted with Mowiol, and the images were captured and analyzed as described above.
Immunohistochemistry for 3-Nitrotyrosine
Briefly, kidney tissue samples were incubated with 1: 150 primary rabbit polyclonal anti-nitrotyrosine antibody overnight (Chemicon, Temecula, Calif., USA). Sections were then washed and incubated with secondary antibodies, linked, and labeled with streptavidin for 30 min each. After several rinses with distilled water, diaminobenzidine was applied for 10 min, sections again rinsed and stained with hematoxylin for 30 s, rehydrated, and mounted with a permanent media. The slides were inspected under a bright-field (Nikon 50i, Tokyo, Japan) microscope and the ! 40 images captured with a Cool Snap cf camera.
Statistical Analysis
This investigation was powered based on prior sensitivity and variability measurements of albuminuria to achieve a significance of p ! 0.05 with a power of 0.8. All values are expressed as mean 8 standard error. Statistical analyses were performed in SPSS 13.0 (SPSS Inc., Chicago, Ill., USA) using ANOVA with Fisher's LSD as appropriate and Student's t test for paired analysis. 
Results
Nebivolol Reduced SBP and Proteinuria
Nebivolol Reduced Renal NADPH Oxidase Activity
As NADPH oxidase is the predominant source for renal oxidative stress, we sought to evaluate the effects of nebivolol on activity of this redox enzyme. Total NADPH oxidase enzyme activity was elevated in Ren2 compared with SD controls (p ! 0.05), and was normalized with nebivolol (p ! 0.05; fig. 2 a) to a value comparable to SD-C. There were similar increases in NADPH oxidase subunits Rac1, p47 phox , and p67 phox in the Ren2 when compared with SD controls (p ! 0.05; fig. 2 b, c) . Similar to total NADPH oxidase enzyme activity, there were reductions in all three critical subunits in nebivolol-treated Ren2 renal cortical tissues (p ! 0.05).
Nebivolol Improved Renal Oxidative Stress and eNOS
To ascertain the effects of in vivo treatment with nebivolol on ex vivo kidney oxidative stress markers in the Ren2, we measured total ROS and 3-NT content as a marker for ONOO -formation in kidney cortical tissue. In parallel with increased NADPH oxidase activity, ROS levels were higher in Ren2 controls compared with SD controls (p ! 0.05) with a trend to improvements with nebivolol treatment (p = 0.08; fig. 3 a) . As previously re- ported, 3-nitrotyrosine content in kidney cortical tissue is increased in the Ren2 compared to SD controls [20, 24] , and herein we report improvements with nebivolol treatment (p ! 0.05; fig. 3 b) . In parallel with the reductions in 3-NT, nebivolol treatment was also associated with increases in eNOS protein levels in Ren2 and SD renal cortical tissue (7.4 8 0.2 ! 10 -4 and 5.2 8 0.3 ! 10 -4 average gray scale intensities, respectively) compared with age-matched controls (2.3 8 0.8 ! 10 -4 and 2.9 8 0.1 ! 10 -4 average gray scale intensities, respectively; each p ! 0.05), consistent with increased renal bioavailable NO.
Nebivolol Improved Podocyte-Specific Protein Integrity in Ren2 Rats
Consistent with glomerular damage, there was a significant reduction in the podocyte-specific protein podocin and a trend in the cytoskeletal podocyte marker desmin in Ren2 cortical tissue compared with SD as determined by semiquantitative immunohistochemical anal yses (12.1 8 1.3 and 13.5 8 2.4 vs. 23.7 8 3.8 and 16.7 8 0.8 average gray scale intensities, respectively). Levels of these podocyte proteins improved with nebivolol treatment in both the Ren2 and SD compared with age-matched controls (26. Results from this investigation support novel mechanisms by which nebivolol protects against glomerular injury and albuminuria in a transgenic rat model of RAAS activation. To our knowledge, this investigation is the first to demonstrate that nebivolol treatment results in reductions in proteinuria. Further, the improvements in proteinuria were observed in an animal model of RAAS activation that demonstrates hypertension, insulin resistance and proteinuria. Our findings underscore the potential importance that vasodilating beta-blockers have on reducing proteinuria. In this context, Bakris et al. [25] have demonstrated that treatment with carvedilol, another vasodilating beta-blocker, reduced albuminuria in patients with insulin resistance and the metabolic syndrome. Since nebivolol had modest effects on blood pressure in doses used in this transgenic model of proteinuria, we speculate that the beneficial effects in reducing proteinuria were related, in part, to other pharmacologic effects of this compound.
Nebivolol, unlike conventional beta-blockers, has been demonstrated to stimulate endothelial cell production of NO and to reduce NADPH oxidase activity in vascular tissue [26] [27] [28] . In those studies, treatment with nebivolol, but not metoprolol, normalized endothelial function, reduced vascular NADPH oxidase activity and subunits (Rac1 and p67 phox ) and NADPH oxidase-dependent superoxide formation and increased NO bioavailability. In the current investigation, nebivolol treatment was associated with reductions in renal Rac1, p47 phox and p67 phox subunits necessary for NADPH oxidase activity [1, 6] . Thus, this unique compound exerts similar effects on this redox enzyme in both the kidney and the vasculature. Results from the current investigation also indicate that in vivo treatment with nebivolol helps maintain the integrity of podocyte-specific proteins in concert with reduction in NADPH oxidase/ROS formation and increases eNOS levels in renal cortical tissue. These treatment effects of nebivolol in the transgenic Ren2 rat occurred in concert with reductions in proteinuria.
Accumulating evidence supports the notion that activation of a tissue-based RAS promotes cell growth, metabolism, and tissue remodeling in the glomerulus [27] . Evidence for a local RAS in the glomerulus raises the prospect that NADPH oxidase/ROS-induced podocyte and filtration barrier injury may contribute to the development of proteinuria. Our data garnered in a rodent model of excessive RAAS activation further support the notion that RAAS activation of renal NADPH oxidase contributes to ROS formation, and decreased bioavailable NO occurs contemporaneously with glomerular podocyte injury and early proteinuria [20] [21] [22] . Indeed, our observation that reductions in the podocyte-specific proteins podocin and desmin, a marker for cytoskeletal integrity, are associated with increased ROS corroborates previous reports that the glomerular filtration barrier integrity is particularly susceptible to oxidative stress. ONOO -is a highly reactive oxidant species that can be formed endogenously by the interaction of NO and superoxide anion, and this product reacts readily with tyrosine residues of proteins to form 3-NT [29, 30] . This process contributes to a reduction in bioavailable NO and also indirectly to eNOS uncoupling, thereby further reducing bioavailable NO [6] . Reductions in NO and increases in ROS are thought to be the major causes of oxidative damage to lipids, proteins and DNA. Our results are also consistent with the notion that increases in ONOO -(measured as 3-NT) are highly reactive in the kidney and can contribute to glomerular/podocyte injury [20] [21] [22] 24] . In addition, ONOO -has been shown to oxidatively deplete the essential eNOS cofactor, tetrahydrobiopterin, and result in eNOS uncoupling as another mechanism for reductions in bioavailable NO. Accordingly, we posit that nebivolol improves bioavailable NO through increases in eNOS production and reductions in destruction of this molecule in a rodent model of RAASmediated glomerular injury and proteinuria.
While the current investigation did not include a traditional beta-blocker as a control, collectively our data suggest that the improvements in proteinuria, despite the modest reductions in SBP, were likely associated with unique pharmacologic effects of this beta-blocker. Importantly, nebivolol treatment contributed to reductions in NADPH oxidase/ROS as well as increases in eNOS with subsequent improvements in podocyte-specific markers and proteinuria. There have been very limited studies exploring the effects of nebivolol treatment in states of proteinuria and glomerular injury. Our novel work extends previous limited work with this unique beta-blocker as it relates to renal tissue levels of bioavailable NO and reductions in renal disease [8, 10, 12, 13] .
